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Abstract 
This work investigates the kinetics of the reaction of CO2 with CaO particles partially 
carbonated that are forced to increase their carbonate content at high temperatures in an 
atmosphere of rich CO2. This additional recarbonation reaction, on particles that have 
already completed their fast carbonation stage, is the basis of a novel process that aims to 
increase the CO2 carrying capacity of sorbents in Calcium looping CO2 capture systems. 
The CaO reaction rates and the maximum carbonation conversions after the recarbonation 
step were measured on a thermogravimetric analyzer and the results indicate that they are 
highly dependent on temperature and CO2 partial pressure, steam also being a contributing 
factor. The reaction mechanism governing the reaction rates during the carbonation and 
recarbonation reactions is explained by the combined control of chemical reaction and CO2 
diffusion through the CaCO3 product layer. An extension of the Random Pore Model 
adapted to multi cycled CaO particles was successfully applied to calculate the CaO molar 
conversion as a function of time and the recarbonation conditions, using kinetic parameters 
consistent with previous published results on carbonation kinetics under typical flue gas 
conditions.  
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Introduction 
CO2 capture and storage, CCS, is a major mitigation option for addressing the problem of 
climate change and there is a range of mature CO2 capture technologies that could be 
rapidly deployed if the right incentives were in place
1
. The potential for reducing costs in 
optimized plants with already existing CO2 capture technologies is important. However, a 
number of emerging CO2 capture technologies may offer much deeper cost savings
1
.  
Among these emerging technologies is the Post-combustion Calcium looping process, CaL, 
which is based on the carbonation reaction of CaO and CO2. It has experienced rapid 
growth in recent years from a mere concept  (first proposed by Shimizu et al.
2
) to small 
scale pilot demonstration of interconnected reactors 
3-7
 and more recently to larger scale 
pilots
8,
 
9, 10
 of up to 1.7 MWth
11, 12
. In a typical CaL system, the CaO particles react with the 
CO2 contained in the flue gas in the carbonator unit, which operates at high temperature 
(650-700 ºC) to form CaCO3. This carbonate is calcined by the oxy-combustion of coal at 
temperatures of around 880-910ºC in a second circulating fluidized bed, the calciner (see 
Figure 1). The high temperature gas and solids streams allow an efficient heat recovery that 
can be integrated with a steam cycle to generate additional power
13-16
. In this way the 
energy penalty associated with the capture process is reduced to 6-7 net points assuming 
standard equipment in the Air Separation Unit, ASU, required for oxy-combustion, and in 
the CO2 compression and purification unit, CPU. Any improvement in the ASU or CPU 
elements of the oxy-fuel combustion systems will also benefit the CaL system as the 
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consumption of O2 in the calciner still remains the main energy penalty in the process and a 
major cost component.  
A well-known drawback of all CaL technologies is the decay in the CO2 carrying capacity 
that the sorbent experiences with the number of calcination/carbonation cycles
17-21
. The low 
cost and availability of the raw limestone material used in CaL systems allows a 
sufficiently large make-up flow of limestone to compensate for the decay in activity, 
making it possible to purge the system of ashes and CaSO4. It is, however, important for the 
development of large scale CaL technology to be able to operate with a minimum sorbent 
requirement and maximum sorbent stability
21-23
. For this reason, intensive research is being 
carried out to find ways to reactivate CaO materials and to obtain more stable CaO-based 
sorbents, as explained in recent reviews by Anthony
24
 and Blamey et al
25
.  
Recently, our group proposed
26
 a novel process to increase and stabilize the CO2 carrying 
capacity of CaO particles in a CaL system. This is achieved by including a short 
recarbonation stage between the carbonator and the calciner, in which highly carbonated 
particles from the carbonator are forced to increase their conversion to slightly above their 
‘maximum carrying capacity’ (usually signaled by the end of the fast carbonation period 
under normal carbonation conditions). The fundamentals of the process are based on the 
ability of CaO to react with CO2 up to conversions over 80% after ten cycles of 24 hours in 
pure CO2 as shown by  Barker
18
. More recent experimental studies have revealed that 
extended carbonation times (up to 30 minutes) lead to sorbents exhibiting greater residual 
activity
27, 28
 with respect to the activity of solid sorbents subjected to shorter reaction 
times
29
. Similar results were found with sorbents tested under higher CO2 partial 
pressure
30,31
. Also the use of pure CO2 and long carbonation reaction times, was 
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investigated as a method to increase CO2 carrying capacities, but  contradictory results at 
TGA and fluidized bed lab scale
32
 were obtained. 
The recarbonation process proposed in this study includes a new reaction step carried out in 
a separate reactor (the recarbonator in Figure 1) where the partially carbonated stream of 
solids exiting the carbonator unit is placed in contact with a highly concentrated CO2 
stream at high temperature (generated in the calciner unit). The purpose of this is to 
produce an additional conversion of the solids under the slow reaction regime in order to 
achieve an increase in the carbonate conversion that will compensate for the decay in the 
CO2 capture capacity the solids will undergo the next time they pass through the calciner 
and carbonator
26
.  
 
Figure 1. Block diagram of a CaL system including a recarbonator reactor. 
It is well known that the ability of CaO to react with CO2 in the slow reaction regime has 
little impact on the CO2 carrying capacity of the sorbent under the standard carbonation 
conditions in a CaL system. This is because the average residence times of the solids in the 
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carbonator reactor amount to only a few minutes
6, 7
 for typical solids inventories and 
circulation flows. Besides, the average CO2 partial pressures around the particles in the 
reactor are well below 15 kPa when the CO2 capture efficiency is high. However, the 
sorbent may be reacting sufficiently fast under the enhanced carbonation conditions of the 
recarbonator reactor in Figure 1. The recarbonation process in Figure 1 opens up a new 
scenario for the study of carbonation reaction kinetics on the basis of the ability of CaO 
particles that are already partially carbonated to continue reacting with CO2 at the high 
temperatures and CO2 partial pressures present in the recarbonator reactor. Evaluation of 
the reaction kinetics in the slow reaction regime at a higher temperature and pCO2 will be 
critical for the design of the recarbonator reactor. A substantial background of literature 
exists on the relevant kinetics and mechanism of reaction between CaO and CO2, as 
reviewed in the following paragraphs. 
Early experimental studies of the carbonation kinetics of CaO revealed the existence of two 
stages in the carbonation reaction rates 
2, 18, 19, 21, 33, 34
: a fast chemically controlled initial 
reaction stage and a second slower reaction stage controlled mainly by the diffusion of CO2 
through the product layer. Various models based on sorbent structural properties have been 
used in the literature to describe in detail the kinetics of these two reaction regimes, as 
compiled in the review by Stanmore and Gillot
35
, and they can be classified into grain 
models or pore models. The grain models for CaO carbonation see the particle as a porous 
structure consisting of a grain matrix formed as a result of the previous calcination step
36-38
. 
The size of the CaO grains determines to a large extent the amount of active surface for 
reaction. Stendardo and Foscolo
37
 assumed an average grain size, with a uniform dispersion 
of CaO grains that are gradually transformed into CaCO3. Bouquet et al
36
 applied a 
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micrograin-grain model that distinguishes three differentiated reaction stages during the 
filling of all the voids present in the CaO micrograins. During this void-filling process the 
shrinking core model applied to the micrograin showed that there is a short kinetically 
controlled regime, followed by a combined control by chemical reaction and diffusion 
through the carbonate layer. Finally the CO2 diffuses at the grain level through the 
carbonate to reach the inner CaO cores. A second group of researchers applied pore models
 
that take into account the evolution of the pore size distribution of the sorbent during the 
carbonation reaction
33, 39
. The Random Pore Model, RPM, developed by Bhatia
33
 
considered the pore structure as a network of randomly interconnected pores, and defined 
the key particle structural parameters on the basis of this geometry. They developed a 
general expression for the instantaneous gas-solids local reaction rate applicable to porous 
systems in the presence of a product layer diffusion resistance.  
Sun et al
39
 developed a new gas-solid model for the carbonation of CaO based on discrete 
pore size distribution measurements. This model uses the initial pore size distribution of the 
lime resulting from calcination of the fresh limestone as input data. The only fitting 
parameter used was the effective diffusivity through the product layer (which was also 
dependent on the evolution of the pore system).  
As mentioned above, the carbonation reaction shows an abrupt change from the chemical to 
the diffusional controlled regime, which has been generally attributed to the formation of a 
CaCO3 product layer on the free CaO reaction surface 
18, 20, 21, 29, 33, 36, 39-42
.  Alvarez and 
Abanades
40
 have established that the product layer thickness representing the transition 
between the fast and the slow reaction regimes for reaction conditions of practical interest 
for CaL systems,  is around 50 nm.  Using a simple pore model to interpret the data 
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obtained from Hg porosimetry measurements,                                                                                                                                
they described the progression of the carbonation reaction on the CaO surface as the filling 
of the available rich porous structure of the calcined material. Once the small pores and part 
of the large voids are covered with a CaCO3 layer of around 50 nm CO2 diffusion is 
restricted, and this causes a slower conversion of the solids. Bouquet et al
36
 proposed that 
the transition between diffusion resistance at micrograin to grain level starts once the voids 
between micrograins are filled with a CaCO3 layer of around 43 nm. The scale of diffusion 
at grain level is responsible for the drastic decay in the reaction rate, and the diffusion 
coefficient through the product layer decreases upon the formation of carbonate.  Mess et 
al
34
 described the growth of the product layer as a coalescence phenomenon, in which the 
grain growth is highly dependent on temperature. The effective diffusion coefficient is 
expressed as a combination of the grain boundary diffusion coefficient and the bulk 
diffusion coefficient through the product layer and is dependent on the conversion of solids, 
as the grain boundary length diminishes while the product layer becomes more developed. 
The effective diffusion coefficient decreases with the conversion of solids. The increasing 
resistance of CO2 diffusion with increasing CaCO3 content has also been noted by 
Stendardo and Foscolo
37
 to fit the experimental carbonation conversion curves of calcined 
dolomite in their spherical grain model.  Sun et al
39
 related the diffusion coefficient to the 
evolution of the pore system.  
In contrast with these variable effective diffusion coefficients, Bhatia and Perlmutter
33
 
assumed a homogeneous product layer with a single diffusion coefficient only dependent 
on temperature to describe the diffusion process.  
Page 7 of 32
ACS Paragon Plus Environment
Energy & Fuels
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
8 
 
Recent studies on the effect of temperature on the carbonation reaction of CaO under the 
diffusion reaction regime have shown that the reaction kinetics are improved when the 
reaction temperature is increased in what appears to be another fast reaction regime
43
. 
These findings reinforce the relation of the diffusion coefficient with temperature, and 
show that the contribution of the CO2 diffusion resistance through the product layer to the 
total reaction rate is highly determined by reaction temperature. Also, according to the 
detailed observations and modelling work of Li et al.
43
, the morphology of the product layer 
is largely dependent on the reaction temperature. When the reaction temperature is 
increased, the thickness of the islands those initially form the CaCO3 layer increases while 
their density over the CaO surface diminishes leaving, for a given level of conversion, a 
higher fraction of free CaO surface for chemically controlled reaction.  This is a critical 
piece of information for understanding and interpreting the experimental results presented 
in this work. 
The objective of this paper is to extend the scope of the experimental results available in 
order to model the carbonation reaction in the different stages of the system of Figure 1 
and, in particular, to determine the effect of the main operating variables (i.e., the reaction 
temperature, the CO2 partial pressure and the presence of steam) upon the conversion 
achieved by CaO particles under recarbonation conditions. The kinetic parameters that 
govern the reaction in the new reaction conditions will be determined using the Random 
Pore Model. A second objective of the paper is to reinforce the experimental evidence of 
the positive effects of the recarbonation step on the increase in the residual CO2 carrying 
capacities of CaO particles.  
Experimental 
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A Spanish limestone, Compostilla presenting 93.04 wt% of CaO (and main impurities 
Fe2O3 2.5%wt., MgO 0.76 %wt., K2O 0.46% wt., SiO2 0.33 %wt. and TiO2 0.37% wt.), was 
used in the experimental tests to determine the principal variables affecting the carbonation 
reaction under recarbonation conditions. Most experiments were carried out with samples 
with a narrow particle size interval (75-125 micron)  that were texturally characterized by 
using a Hg Porosimeter Quantachrome Pore Master to estimate the pore volume and the 
pore-size distribution. N2 adsorption (Micromeritics ASAP2020) at 77 K was used to 
calculate the surface area by applying the Brunauer, Emmett and Teller equation to the 
adsorption isotherm.    
The experimental tests were carried out on a TGA apparatus that has been described in 
detail in previous papers
41
. Briefly, the reactor consists of a quartz tube with a platinum 
basket suspended from it, inside a two-zone furnace. The furnace can be moved up and 
down by means of a pneumatic piston. The position of the furnace with respect to the 
platinum basket allows alternation between calcination and carbonation conditions. The 
temperature and sample weight were continuously recorded on a computer. The reacting 
gas mixture (CO2, O2/air) was regulated by mass flow controllers and fed in through the 
bottom of the quartz tube. Steam was generated by external electric heating of the water 
flow controlled by a liquid mass flow controller and then introduced into the reaction 
atmosphere for some specific tests.   
The materials used to determine the reaction kinetics of the carbonation reaction under 
recarbonation conditions (elevated reaction temperature and CO2 partial pressure) were 
partially deactivated CaO particles, with an average CO2 carrying capacity of between 0.15 
and 0.30 CaO molar conversion, which is representative of the activity of the average 
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material circulating in a large-scale CaL system. To prepare this material, batches of around 
150 mg of limestone were placed inside a platinum pan in the TGA apparatus and subjected 
to relatively standard calcination/carbonation cycles (the calcination of the sample was 
carried out at 875 ºC in air for 30 min and the carbonation was carried out at 650 ºC in 5 
kPa CO2 in air for 30 minutes to ensure full saturation of the sorbent up to its maximum 
carrying capacity, XN). The solids prepared by this procedure had been subjected to the 
recarbonation tests described below. 
Three mg of partially deactivated sorbent was placed in the TGA pan in each individual 
kinetic test, and the total gas flow was set to 4*10
-6
 m
3
/s to eliminate external diffusion 
resistances to the reaction
41
. To avoid any effect associated with the preparation of the 
samples that might interfere with the interpretation of the experimental results, every 
recarbonation test involved several standard calcination/carbonation cycles at the beginning 
of each test. The routine of the standard cycles was: calcination at 875 ºC in air for 5 
minutes followed by carbonation at 650 ºC in 5 kPa CO2 in air for 5 minutes. After several 
cycles under these standard conditions a recarbonation stage was added to the routine just 
after the end of the carbonation stage of the solids. The effect that the recarbonation 
temperature (between 700 and 800 ºC) and the pCO2 in the reaction atmosphere (between 
60 to 100 kPa CO2) had on the carbonation reaction kinetics under recarbonation conditions 
was experimentally evaluated. The presence of steam during recarbonation was tested by 
including 15%v of steam in the CO2 atmosphere in some specific tests. Some standard 
carbonation/calcination tests were also carried out to test whether the sorbent carbonation 
kinetic parameters were in agreement with the values presented in the literature for the CaO 
carbonation reaction.  
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Furthermore, to determine the impact that the recarbonation stage has on sorbent residual 
activity, around 10 mg of limestone sample was subjected to 75 repeated 
calcination/carbonation cycles according to the following routine: calcination of the sample 
at 875 ºC in air for 5 minutes, carbonation at 650 ºC in 5 kPa CO2 in air for 5 min and 
recarbonation in pure CO2 for 5 minutes. The tests were carried out at recarbonation 
temperatures of 700 and 800 ºC. For comparison purposes, the same material was also 
tested under a “typical” calcination-carbonation experimental routine without any 
recarbonation step (calcination at 875ºC in air for 5 minutes and carbonation at 650ºC in 
5 kPa CO2 in air for 5 minutes).  
Results and discussion 
Figure 2 provides an example of the experimental results that illustrate the positive effect of 
the recarbonation step on the CO2 maximum carrying capacity XN,R, achieved by the 
sorbent at the end of the fast reaction period of the carbonation reaction and after several 
calcination-carbonation-recarbonation cycles. Two types of curve appear in this plot of the 
carbonate CaO conversion vs. time: a grey line corresponding to the reference carbonation 
test conducted without recarbonation (after 17 standard cycles of calcination-carbonation), 
and a black line corresponding to the carbonation and recarbonation test conducted after 15 
standard cycles and 2 additional cycles of calcination-carbonation-recarbonation stages. 
According to the nomenclature in Figure 2, N corresponds to the total number of 
calcinations experienced by the sample (17 in this case) and R corresponds to the number 
of recarbonation stages (2 in the example of Figure 2).  
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This second curve has two clearly separate reaction stages under different reaction 
conditions. During the initial ~280 s, the sorbent is reacting under typical carbonation 
conditions (650 ºC and 5 kPa CO2 in air, as in the case of the grey curve used as a 
reference) and the CaO conversion vs. time curve shows a typical fast carbonation stage 
(which lasts for about 60-70 seconds in these conditions) controlled by the chemical 
reaction, followed by a slower reaction stage controlled by the combined resistance of the 
chemical reaction and CO2 diffusion through the product layer
33, 41
 although diffusion is the 
predominant resistance. The slow reaction period leads very rapidly to a characteristic stage 
of conversion, XN (without recarbonation) or XN,R (with recarbonation), as shown in Figure 
2,  which corresponds to the maximum CO2 carrying capacity of the sorbent for each cycle 
number N on both curves. After 280s of carbonation, the reaction conditions remain 
unchanged in the reference experiment without recarbonation, but they switched over to the 
conditions required by the recarbonator reactor in Figure 1 (in this particular test: 800 ºC 
and 85 kPa CO2) in the black curve.   
As it can be seen, thanks to the recarbonation stage, the CO2 carrying capacity of the 
reactivated sorbent, XN,R, has noticeably increased with respect to the reference value, XN, 
for an identical number of calcination cycles. Furthermore, the slope of the initial fast 
reaction stage (chemically controlled) and the second slower reaction stage controlled by 
the diffusion are almost identical for the reactivated and the non-reactivated curves under 
the carbonator operating conditions (first 280 s). This suggests that the kinetic constants and 
the diffusion parameters from the carbonation reaction rate expressions have not been 
affected very much by the inclusion of the recarbonation stage. Therefore, the cause of the 
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rapid increase in carbonate conversion during recarbonation, ∆XR, must be the change in 
the reaction temperature and the CO2 partial pressure.  
 
Figure 2. Example of the experimental carbonation and recarbonation CaO 
conversion curves after 17 calcination cycles (N=17 in both curves). The black curve is 
obtained after 15 standard cycles of calcination-carbonation and 2 cycles of 
calcination-carbonation-recarbonation (R=2). Calcination at 875 ºC in air. 
Carbonation at 650 ºC and 5 kPa CO2 in air. Recarbonation at 800 ºC and 85 kPa 
CO2 in air.  
As can be seen in Figure 2, once the experimental conditions have been switched over to 
the recarbonation conditions the slope of the CaO conversion curves increases with respect 
to the slope of the diffusion regime at lower temperature until X reaches a new plateau, 
X
+
N,R= XN,R +∆XR,max, in which the reaction rate slows down again. These experimental 
CaO conversion curves which incorporate the gain in conversion during recarbonation, 
∆XR,max, can be used to derive the kinetic parameters for the recarbonation reaction stage. 
As pointed out above a series of experiments were carried out to evaluate the effect of the 
Page 13 of 32
ACS Paragon Plus Environment
Energy & Fuels
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
14 
 
reaction temperature, the CO2 partial pressure and the presence of steam upon the 
recarbonation rates of CaO partially converted to CaCO3 in the preceding reaction period at 
standard carbonation conditions.  
Figure 3 shows experimental conversion curves in which the recarbonation temperature 
was 750º and 700 ºC respectively (under 85 kPa CO2 in air). As can be seen, from a 
comparison of the experimental results of Figures 2 and 3, the ∆XR,max achieved under 
recarbonation conditions is greatly affected by temperature. In the series of Figure 2, 
carried out at 800 ºC, the sorbent is able to achieve ≈0.04 additional conversion points in 
the space of 60 s, while the slope of the CaO conversion curve under recarbonation is less 
steep at lower temperatures and the value of ∆XR,max is consequently smaller at the end of 
the recarbonation time fixed for this experiment. The presence of this plateau at which the 
carbonation reaction rate is extremely slow even under recarbonation conditions was also 
confirmed at these lower temperatures in other experiments with longer recarbonation 
times. 
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Figure 3. Experimental carbonation and recarbonation CaO conversion curves for 
two different recarbonation temperatures: left) 750 ºC, and right) 700ºC.  Calcination 
and carbonation conditions as in Figure 2. 
The presence of this second plateau in the conversion of CaO supports recent mechanistic 
studies by Li at al
43
 who claim that temperature affects the rate of growth of the carbonate 
product layer that forms over the entire surface of the CaO particles.  The growth of the 
carbonate layer has been described as a coalescence phenomenon of CaCO3 islands
34, 43
, so 
that once the islands of CaCO3 cover the whole of the CaO surface and reach a critical 
thickness, CO2 diffusion through the CaCO3 layer is severely hindered. The island growth 
rate has been directly related to temperature
34
, as have the characteristic island dimension
43
. 
To analyze the effect of the reaction atmosphere on the kinetics of the recarbonation 
reaction several tests were carried out at 800ºC, in which the pCO2 in the reaction 
atmosphere was varied from 60 to 100 kPa CO2. As can be seen in Figure 4 left), the 
reaction rate under recarbonation conditions increases with increasing CO2 concentration. 
However, the CaO conversion that marks the onset of the second plateau is independent of 
the CO2 partial pressure, and from this point the reaction rate is independent (and very 
slow) of CO2 partial pressure. This is in agreement with the expression formulated by 
Bhatia and Perlmutter for pure diffusion control
33
.  
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Figure 4. Left) Effect of the CO2 partial pressure on CaO conversion during 
recarbonation at 800 ºC, N=12 and R=2. Right)  Effect of the presence of steam on 
CaO conversion during recarbonation at 800 ºC and 85 kPa CO2, N=12 and R=2. 
Calcination and carbonation conditions as in Figure 2. 
The effect that the presence of steam has on the recarbonation reaction was evaluated by 
carrying out a series of tests with 15%v steam in CO2. The steam was added only during 
the recarbonation stage. The results presented in Figure 4 right) correspond to two 
experiments carried out using a similar procedure with and without steam. After 10 
standard calcination-carbonation cycles, several cycles including a recarbonation stage 
were carried out. The series presented correspond to samples that experienced 12 
calcinations (N=12) and 2 recarbonations (R=2) with the presence of steam (grey line) and 
without steam (black line). The experimental results show that the slope of the CaO 
conversion curve during recarbonation in the presence of steam is around 1.5 times larger 
than the slope of the conversion curve without steam. This qualitative trend was also 
observed in other similar experiments with steam and indicates that the reaction rate during 
recarbonation increases in the presence of steam, which is in agreement with experimental 
Page 16 of 32
ACS Paragon Plus Environment
Energy & Fuels
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
17 
 
results compiled in the literature from which it can be concluded that diffusion resistance is 
diminished in the presence of steam
44, 45
. 
To fit the experimental conversion data vs. time we have used the Random Pore Model
33
, 
that has been adapted in order to model the carbonation reaction of sorbents that have 
experienced multiple calcination/carbonation cycles
41
. The main novelty of this adapted 
version of the RPM is the estimation of the sorbent structural parameters included in the 
model equations (S, L, ε and Ψ) from the textural properties of the sorbent resulting from 
the calcination of the fresh limestone and the evolution of the CaO conversion with the 
number of cycles. To predict the evolution of the CaO conversion with time (experimental 
curves plotted in Figures 2, 3 and 4) the general expression of the reaction rate can be 
integrated, taking into account the different controlling mechanisms: chemical reaction 
kinetic control, and combined control by the reaction and diffusion through the product 
layer. There is also a third controlling mechanism, pure diffusion control, but in this case 
the particles experience almost no increase in their carbonate content. From the previous 
experimental curves it can be seen that the fast reaction stage of the carbonation reaction is 
controlled by the chemical reaction, and according to the model proposed by Grasa et al.
41
, 
the abrupt change to the slower reaction rate under carbonation conditions is determined by 
the formation of a product layer thickness of around 40 nm (the conversion associated with 
this layer thickness is referred to as XKD in Grasa et al.
41
). Equation (1) can be applied to 
predict the evolution of the CaO conversion with time under the chemically controlled 
regime, where Ψ is the sorbent structural parameter and τ is the non dimensional time
41
:  
  1   	
	    for X ≤ XKD           (1) 
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Once the fast reaction stage has finished, from XKD onwards, the reaction can be modeled 
as combined control by the chemical reaction and diffusion but with the predominant 
control of diffusion phenomena through the product layer. These will be the phenomena 
that control the carbonation reaction when the sorbent particles initiate a recarbonation 
reaction period, since they present a CaO conversion close to XN,R (see Figure 2). Equation 
(2) can be applied to predict the CaO carbonation conversion under this hypothesis of 
combined control until the sorbent reaches the conversion associated with the end of the 
fast recarbonation period, X
+
N,R (see Figure 2). 
    1  exp  	  	
	

 ! ""  for  XKD<X<X+N,R         (2) 
Finally, a second dramatic decrease in reaction rate appears on the experimental CaO 
conversion curves, once the sorbent reaches X
+
N,R. From this point onwards the conversion 
rate of CaO is very slow, and the change in the mechanism that controls the carbonation 
reaction from combined control by the chemical reaction and diffusion to pure diffusional 
control might explain this decrease in the reaction rate. According to the experimental 
results, the evolution of the CaO conversion with time after X
+
N,R is independent of the CO2 
partial pressure, which is consistent with a pure diffusion-controlled reaction regime
33
.  
The previous experimental results and the mechanism proposed in the literature
36, 40, 41
, 
indicate the importance of the experimental determination of the critical carbonate layer 
thickness on the free surfaces of CaO for establishing the transition between the different 
reaction regimes. For the new transition, when X
+
N,R is reached and the reaction rate 
becomes negligible, the product layer thickness hD can be estimated as follows: 
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#  $%&,() *+,+-./ 0+,-12&,(,3+,-          (3) 
where SN,R is the reaction surface at cycle N, calculated as the product of the reaction 
surface of the resulting from the calcination of the fresh limestone and the conversion at the 
end of the carbonation cycle after N calcinations and R recarbonations (XN,R), VCaCO3
M
 is 
the carbonate molar volume, ρCaO is the CaO true density and MCaO is the CaO molar 
weight. A consistent value of CaCO3 product layer thickness, hD, of 70 nm has been 
estimated from the experimental data presented in Figures 2 and 4 for recarbonations 
carried out at 800 ºC.  
The sorbent kinetic parameters, i.e., the chemical reaction constant, ks, and the effective 
product layer diffusion coefficient, D, were determined from the experimental CaO 
conversion curves with the aid of the RPM model at different temperatures, as described in 
Grasa et al.
41
. Both parameters have been expressed in the form of Arrhenius expressions, 
and the values obtained for the pre-exponential factors (kso and Do) and for the activation 
energies (EaK and EaD) are presented in Table 1 together with the limestone textural and 
structural parameters that were measured experimentally.  
Table 1. Structural and kinetic parameters resulting from the calcination of the fresh 
limestone.  
Structural Parameters Kinetic Parameters 
S (m
2
/m
3
) 34.22*10
6
 kso (m
4
/kmols) 0.335*10
-5
 
L (m/m
3
) 2.94*10
14
 EaK (kJ/mol) 21.3 
ε 0.37 Do (m
2
/s) 3.37*10
-5
 
Ψ 1.98 EaD (kJ/mol) 140 
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The activation energies obtained for both the chemical reaction kinetic constant and the 
diffusion coefficient through the product layer are in close agreement with the values 
reported in the literature for the carbonation reaction of cycled CaO particles from natural 
limestone. The chemical reaction shows a lower dependence on temperature, as indicated 
by the typically low values of EaK
33, 41, 42
. In contrast, the diffusion coefficient shows a high 
dependence on the temperature, as indicated by the high activation energies reported in the 
literature
33, 34, 41
 and also found in this work. It should be noted that neither the pre-
exponential factors nor the activation energies of the chemical reaction constant and the 
diffusion coefficient vary at any point along the conversion curves. Therefore, it must be 
the different reaction environment (in terms of temperature and CO2 partial pressure) that is 
responsible for the variation in the reaction rate and the final conversions achieved during 
the recarbonation period. The ability of the RPM model to fit, with reasonable accuracy, 
such a wide variety of materials and operating conditions is a further validation of the 
general character of the model. 
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Figure 5. Comparison of the experimental data with the RPM model predicted values 
using the parameters of Table 1. Left) Carbonation at 650 ºCand 5 kPa CO2 in air, 
and recarbonation at 800 ºC and 85 kPa CO2 in air, N=17, R=2. Right) Carbonation at 
650 ºC and 10 kPa CO2 in air, and recarbonation at 800 ºC and 100 kPa CO2 N=7, 
R=2. 
Figure 5 shows that the model proposed successfully fits the evolution of the CaO 
conversion with time under both carbonation and recarbonation conditions. As can be seen 
the model predicts with sufficient accuracy the conversion curve of samples with a different 
CO2 carrying capacity and also under different reaction conditions (in terms of temperature 
and CO2 partial pressure). However, in order to integrate the previous reaction rate 
expression in recarbonator reactor models using the system of Figure 1, a simplified kinetic 
expression is derived from the experimental conversion curves, taking into account the 
relative modest gains in conversion during recarbonation. By analogy with previous works 
on modelling the carbonator reactor 
41, 46,
 
47,48,
 
49
 the reaction rate during the recarbonation 
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period is assumed to be constant from XN,R up to X
+
N,R. The CaO reaction surface available 
for reaction in the recarbonator reactor (SN,Rav) can then be expressed as: 
45,678  ∆%(,:,;
<+,-=/+,-$>?
>:,;1 <+,+-.=/+,+-.
        (4) 
where ∆XR,max is the maximum conversion achievable in the recarbonator reactor, ρCaO and 
ρCaCO3 are the densities of CaO and CaCO3 respectively, PMCaO and PMCaCO3 are the 
molecular weights of CaO and CaCO3 respectively, hmax is the product layer thickness at 
the end of the fast reaction period in the carbonator (estimated as 40 nm according to Grasa 
et al.
41
) and hD (70 nm according to the experimental results presented above) is the 
thickness of CaCO3 which marks the end of the fast reaction stage in the recarbonator. In 
these conditions, the reaction rate can be expressed as: 
@%
@A  BC,645,678DEFGH  EIJK     for XN,R< X< X+N,R     (5) 
This expression is a simplification of the grain model expression
46, 50
 successfully applied 
in previous works. The experimental values for ks,R obtained in the present work ranged 
from 3.5*10
-8
 and 4.0*10
-9  
(m
4
/kmol s) for the series carried out at 800 ºC and 700 ºC 
respectively and at 85 kPa CO2, from which the constant pre-exponential factor and the 
activation energy were derived (see Table 2). Also, by analogy with the approach adopted 
for the carbonator reactor models described in the literature
7, 46
, the reaction rate expression 
can be represented as follows: 
@%
@A  BC,65,6DLFGH  LIJK   for XN,R< X< X+N,R    (6) 
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where MCO2 and Meq represent the CO2 volume fraction in the gas phase and according to the 
equilibrium, respectively. According to this expression ks,R will be between 0.0044 s
-1
 for 
the series carried out at 800 ºC and 0.0005 s
-1
 for the experiments conducted at 700 ºC. 
Table 2 also includes the kinetic parameters obtained from the experiments carried out in 
the presence of steam. As mentioned above, the presence of steam increases the conversion 
reaction rate, with the kinetic constant ranging according to Equation (5) between 7.6*10
-8
 
at 800ºC and 5.6*10
-9  
(m
4
/kmols) at 700 ºC. 
Table 2. Kinetic parameters for the recarbonation reaction according to Equations (5) 
and (6) also included the values obtained in the presence of steam. 
Kinetic parameters 
Eq. (5) 
Kinetic parameters 
Eq. (5) in presence of 
steam 
Kinetic parameters 
Eq. (6) 
Kinetic parameters 
Eq. (6) in presence of 
steam 
ks0,R 
(m
4
/kmols) 
10.5*10
3
 ks0,R 
(m
4
/kmols) 
14*10
3
 ks0,R (s
-1
) 28*10
6
 k s0,R (s
-1
) 40*10
6
 
EaR 
(kJ/mol) 
230 EaR (kJ/mol) 230 EaR (kJ/mol) 200 EaR (kJ/mol) 200 
 
Finally in order to gain a general overview of the impact of the recarbonation stage on the 
general CO2 carrying capacity curves as a function of the number of carbonation-
calcination cycles, several long duration series (75 cycles each) were conducted using three 
different recarbonation temperatures. Figure 6 shows the evolution of the CO2 carrying 
capacity at the end of the fast carbonation period, XN,R, against the number of 
calcination/carbonation cycles, N. For comparison, the Figure includes the typical standard 
sorbent decay curve (XN vs. N) obtained for the carbonation reaction at 650ºC and 5 kPa 
CO2 for 5 minutes (series with bold symbols). The two other experimental series 
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correspond to tests where the recarbonation step was carried out at 700 ºC and 800 ºC in 
pure CO2 for 5 minutes. The experimental data were fitted to the typical expression from 
Equation (7) of XN vs. N
29
 and the derived parameters k and Xr that are compiled in Table 3 
represent the deactivation constant and the residual capture capacity of the particles, 
respectively. 
5  	 N$NOPQ1R5  S        (7)  
 
  
Figure 6. Evolution of XN (black dots) and XNR (void symbols) versus the number of 
calcination cycles for two different temperatures of recarbonation.  Carbonation at 
650ºC in all cases under 5 kPa CO2, calcination at 875 ºC in air and recarbonation in 
pure CO2 during 5 minutes after each carbonation. 
Table 3. Sorbent deactivation parameters from the expression XN vs N.  
 k Xr 
650 ºC Standard 0.58 0.065 
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Xr was selected as the only fitting parameter for the series at high temperatures and CO2 
partial pressures to help in the interpretation of results. The sorbent in the series at 650ºC 
displays values of Xr that can be considered as the sorbent intrinsic deactivation 
parameters
31
 and that are in close agreement with values reported in the literature for 
natural limestone and similar reaction conditions
29
. When a recarbonation stage is 
introduced into the experimental routine, the conversion under the diffusion controlled 
regime makes a more important contribution to the total sorbent conversion. This is in 
agreement with the predictions of the model by Arias et al
31
 and with the experimental data, 
widely reported in the literature
18, 21, 27-29
. This confirms that the addition of a recarbonation 
reaction stage after each calcination-carbonation cycle (see Figure 1) could help to 
counteract the deactivation of naturally derived CaO materials used in postcombustion CO2 
capture systems based on Calcium Looping.  
Conclusions 
This work has experimentally confirmed that the introduction of a short (100-200 s) 
recarbonation stage on partially carbonated particles of CaO allows for the stabilization of 
sorbent carrying capacities at 0.15-0.20 molar conversion. High recarbonation temperatures 
(ideally between 750 and 800ºC), high partial pressures of CO2 (over 60 kPa)  and a certain 
presence of steam strongly favor the recarbonation reaction of CaO,  reacting with CO2 
mainly in the slow diffusion reaction regime.  
Recarbonated at 700 ºC in pure CO2 0.58 0.10 
Recarbonated at 800 ºC in pure CO2 0.58 0.17 
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The Random Pore Model can be successfully adapted to multi-cycled particles to calculate 
the CaO molar conversion as a function of time and recarbonation conditions. The kinetic 
parameters needed to fit the recarbonation conversion curves are the same as those used to 
model the carbonation rates under normal carbonation conditions for the same sorbent  
(kso 0.335*10
-5
 m
4
/kmols, EaK 21.3kJ/mol; Do 3.37*10
-5
m
2
/s, EaD 140kJ/mol) which are also 
consistent with those published in previous works . This provides further validation of the 
RPM model as being suitable for a much wider range of carbonation and recarbonation 
conditions. However, the modest recarbonation conversions achieved in each cycle also 
allow the reaction to be modeled with simpler approaches with apparent reactions 
parameters that may be suitable for more general reactor models.  
Notation 
CCO2, eq  concentration of CO2 (kmol/m
3
) at equilibrium  
D  effective product layer diffusivity of CO2 (m
2
/s) 
Do  pre-exponential factor of the effective diffusion coefficient (m
2
/s) 
EaK, D, R activation energy for the kinetic regime, K; for the combined diffusion and 
kinetic regime D;  and R, for the recarbonation reaction Equations (5) and (6) (kJ/mol) 
h, K-D, D,max  critical product layer thickness (m) marking the  transition between kinetic 
and diffusion reaction regimes (K-D); the end of the diffusion regime (D): ot the the end of 
the fast reaction period in the carbonator (max) 
k  sorbent deactivation constant 
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ks0,R  pre-exponential factor for the recarbonation rate constant in Equation (5) in 
(m
4
/kmols) or in (s
-1
) according to Equation (6) 
ks,R  apparent kinetic constant of the recarbonation reaction in Equation (5) in 
(m
4
/kmols) or in (s
-1
) according to Equation (6)  
kso  pre-exponential factor for the reaction rate constant according to RPM 
(m
4
/kmols) 
ks   reaction rate constant for the surface reaction according to the RPM 
(m
4
/kmols) 
L  total length of pore system (m/m
3
) 
MCaO, CaCO3 molecular weight of CaO; of CaCO3 (kg/kmol) 
N  total number of calcination cycles 
R  number of calcination-carbonation-recarbonation cycles 
S  specific reaction surface (m
2
/m
3
) 
SN,R  reaction surface for cycle N after R recarbonations  (m
2
/m
3
) 
SN,R av  reaction surface available for recarbonation (m
2
/m
3
) 
t  time (s) 
V
M
CaO, CaCO3  molar volumes of CaO; of CaCO3 (m
3
/kmol) 
X  CaO carbonate molar conversion 
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XN  CO2 carrying capacity of CaO after N calcination-carbonation cycles 
XN,R   CO2 carrying capacity of CaO after N calcination-carbonation cycles that 
include R cycles with a recarbonation stage after carbonation within the last cycles  
XN,R
+
  CaO carbonate molar conversion achieved at the end of the fast 
recarbonation period after N calcination-carbonation and R recarbonation cycles 
XK-D  CaO carbonate molar conversion in the transition between kinetic and 
diffusion reaction regimes  
Xr  CaO carbonate molar conversion for very large cycle numbers N, or residual 
CO2 carrying capacity of  CaO  
Z  ratio of volume of product solid phase after reaction and before reaction  
 
 
Greek Letters 
β  parameter from RPM model that refers to the contribution of the chemical 
reaction and the CO2 apparent diffusion coefficient through the product layer to the reaction 
rate  
∆XR   increase in the CaO carbonate molar conversion attained due to 
recarbonation 
∆XR,max maximum increase in the CaO carbonate molar conversion attained during 
the fast recarbonation period 
ε   porosity 
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Ψ  sorbent structural parameter from the RPM model 
ρCaO,CaCO3 density of CaO; of CaCO3 (kg/m
3
) 
τ  parameter from the RPM model referring to non dimensional time  
M  volume fraction of CO2 
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